We report the results on Big Bang Nucleosynthesis (BBN) based on an updated code, with accuracy of the order of 0.1% on 4 He abundance, compared with the predictions of other recent similar analysis. We discuss the compatibility of the theoretical results, for vanishing neutrino chemical potentials, with the observational data. Bounds on the number of relativistic neutrinos and baryon abundance are obtained by a likelihood analysis. We also analyze the effect of large neutrino chemical potentials on primordial nucleosynthesis, motivated by the recent results on the Cosmic Microwave Background Radiation spectrum. The BBN exclusion plots for electron neutrino chemical potential and the effective number of relativistic neutrinos are reported. We find that the standard BBN seems to be only marginally in agreement with the recent BOOMERANG and MAXIMA-1 results, while the agreement is much better for degenerate BBN scenarios for large effective number of neutrinos, N ν ∼ 10. (s): 98.80.Cq; 98.80.Ft 
Introduction
The synthesis of light nuclei in the early universe, the Big Bang Nucleosynthesis (BBN), represents one of the most striking evidence in favour of standard cosmology, and since its proposal [1] , it has been extensively used as one of the best laboratories where to test cosmological models and/or elementary particle physics. The appealing feature of BBN is that, in its standard version, it relies on quite solid theoretical grounds, which makes the predictions for D, 3 He, 4 He and 7 Li abundances, whose primordial values are only partially modified by the subsequent stellar activity, quite robust.
Recently, the experimental accuracy in measurements of the light primordial nuclide abundances, mainly 4 He, has been highly improved, reaching a precision of the order of 1%. Similar improvements have been also obtained for both Deuterium (D) and 7 Li relative abundances, Y D ≡ D/H and Y7 Li ≡ 7 Li/H, but, unfortunately, the refinement of the experimental techniques does not yet correspond to a clear picture of the primordial nuclide densities. This is mainly due to an uncomplete understanding of systematic errors. In particular, measuring the primordial 4 He mass fraction, Y p , from regression to zero metallicity in Blue Compact Galaxies, two independent surveys obtained two results, a low value [2] , 1) and a sensibly larger one [3] , 2) which are compatible at 2σ level only.
As in a recent analysis [4] , we here adopt a more conservative value, with a larger error (hereafter we always use 1σ errors)
A similar dichotomy holds in D measurements as well, where the study of distant Quasars Absorption line Systems (QAS), is thought to represent a reliable way to estimate the primordial Deuterium. In this case, observations in different QAS leads to the incompatible results [5, 6, 4] Finally, a reliable estimate for 7 Li primordial abundance is provided by the Spite plateau, observed in the halo of POP II stars [7, 8] . The observations give the primordial abundance [9] , .
( 1.6) From the theoretical point of view, the BBN predictions are obtained by numerically solving a set of coupled Boltzmann equations, which trace the abundances of the different nuclides in the framework of standard Big Bang cosmology [10] . The collisional integrals of the above equations contain all n ↔ p weak reaction rates and a large nuclear reaction network [11] .
The increasing precision in measuring the primordial abundance has recently pushed the theoretical community to make an effort to develop new generation BBN codes [12, 13] , with a comparable level of accuracy. In a recent series of papers, in the framework of the standard cosmological model, the present authors [14] and other groups [12] have performed a comprehensive and accurate analysis of all the physical effects which influence 4 He mass fraction up to 0.1%.
Since almost all neutrons present at the onset of nucleosynthesis are fixed into 4 He, its abundance is mainly function of the neutron versus proton abundances, at the time of n ↔ p weak interactions freeze out, which takes place for T ∼ 1 MeV . To improve the accuracy on the 4 He prediction it is demanding to reach an accuracy level of the order of 1% in the estimate of the n ↔ p rates, well beyond the simple Born approximation. This has been performed by considering a number of additional contributions, which, ordered according to their relative weight, are the following:
i) electromagnetic radiative and Coulomb corrections [15, 16] ;
ii) finite nucleon mass corrections [17, 14] ;
iii) thermal radiative effects induced by the presence of a surrounding plasma of e ± and γ [18, 14] ; iv) corrections to the equation of state of the e ± , γ plasma due to thermal mass renormalization [19, 12, 13] ; v) the residual neutrino coupling to the plasma during e + e − annihilation, affecting the neutrino to photon temperature ratio [20, 12, 13] .
Unfortunately, a similar systematic analysis of all corrections up to the desired level of accuracy cannot be performed for the other input parameters of the theory. The theoretical estimates do depend in fact on the values of the neutron lifetime, as well as on several nuclear reaction cross sections, which are poorly known in the energy range relevant for BBN. This introduces a certain level of uncertainty on the light element abundances. This aspect has been studied in two different approaches, either using Monte
Carlo methods [21] to sample the error distributions of the relevant reaction cross sections, or, alternatively, using a linear error propagation [22] , with comparable results.
In this paper, we further refine our previous predictions by using a new version of our numerical code, where the full dependence of the BBN equations on the electron chemical potential is accurately implemented. Furthermore, for the standard scenario (vanishing neutrino chemical potentials) we perform an accurate likelihood analysis in the space of the two free parameters of the model, the effective number of neutrinos, N ν , and the baryon to photon ratio η.
While the value of electron chemical potential is bounded, by neutrality, by the value of η, this is not the case for neutrino-antineutrino asymmetries which, in principle, can be quite large. 
The BBN set of equations
Consider N nuc species of nuclides, whose number densities, n i , are normalized with respect to the total number density of baryons, n B ,
Alternatively, we will also make use in the following of the notation:
The set of differential equations ruling primordial nucleosynthesis is given by [1, 13] :
3)
4)
5)
1 We will use the same notations of our previous paper [13] , which we refer to for further details.
where ρ T and p T denote the total energy density and pressure, respectively, 9) i, j, k, l = (1, .., N nuc ), Z i is the charge number of the i−th nuclide, and the function In a previous analysis, [13] , we neglected the contribution of φ e in the BBN equations, since its effect results to be very small. In this way we obtained a substantial simplification of the set of equations (2.3)-(2.7), since the unknown functions can be reduced in this case to the N nuc +1 (ĥ ≡ n B /T 3 , X j ). We do here release this assumption and report the results of an improved code where we take into complete account the electron chemical potential evolution. We will see, however, that all changes on the final abundances are of minor impact. In order to obtain the new equations, we note that it is more convenient to follow the evolution of the N nuc + 1 unknown functions (φ e , X j ) in terms of the dimensionless variable z = m e /T , and to use Eq. (2.7) to get n B as a function of φ e . The new set of differential equations may be cast in the form
11) 12) where the functions E, F and G are given by
14) 15) and
T . Note that by using Eq. (2.7) and the previous definitions, it is possible to expressρ B andp B as functions of z, φ e , and
With ∆ M i and M u we denote the i-th nuclide mass excess and the atomic mass unit, respectively, normalized to m e . In Appendix A we report the partial derivative of L with respect to z and φ e , denoted with L z and L φe , and the quantitiesρ e , δρ e /δz and δρ e /δφ e in a form which is suitable for a BBN code implementation.
Eq.s (2.11)-(2.12) are solved by imposing the following initial conditions at z in = m e /(10 MeV ): (2.20) In the previous equationsq = (M n − M p )/m e , and the quantities A i andB i denote the atomic number and the binding energy of the i−th nuclide normalized to electron mass, respectively. Finally η is, as usual, the baryon to photon number density ratio, and φ e 0 the solution of the implicit equation
The method of resolution of the BBN equations (2.11)-(2.12) is the same applied in [13] .
It is the Backward Differentiation Formulas with Newton's method, implemented in a NAG routine with adaptive step-size (see [13] for more details). We used the reduced network of nuclear reactions, made of 25 reactions involving 9 nuclides, since the use of the complete network affects the abundances for no more than 0.01 %.
Primordial abundances for standard BBN
The new BBN code has been used to produce the primordial abundances, in the standard scenario, for different values of the input parameters, namely the neutron lifetime τ n , the effective number of neutrinos N ν , defined as
with ρ ν the total neutrino energy densities, and the final baryon to photon number density ratio η.
We consider the abundances relative to hydrogen for D, 3 He, and 7 Li,
In the case of 4 He, the quantity usually defined as mass fraction,
is rather the baryon number fraction, since A4 He = 4. Note that expression (3.3) does not correspond to the true mass fraction, obviously defined as
The difference between Y p and Y m p are of the order of 1% and thus relevant for an accurate analysis like the one presented here. Since it is customary to express the experimental value in terms of Y p , see (1.3), we will consider this quantity for a comparison with experimental data. Table 1 shows the results obtained for N ν = 3, τ n = 886.7 s, and η = 5·10 −10 , compared with our previous results [13] . As one can see, the inclusion of the complete evolution of analysis Table 1 : The predictions on light element abundances obtained with the new BBN code, compared with our previous results [13] .
φ e modifies the final 4 He abundances for less than 0.1% and for few percent the other nuclides.
In Figures 1, 3 We have performed a fit of the previous abundances as functions of N ν , τ n , and
x ≡ log 10 η 10 , with an accuracy which is better than 1% in the all ranges 0.5 ≤ N ν ≤ 6, 882.9 s ≤ τ n ≤ 890.5 s, 0 ≤ x ≤ 1. In particular, for N ν = 3 and 4 He, our fit is accurate at 0.01%. The fitting functions have been chosen as 5) with all coefficients given in Table 2 .
By using these expressions (3.5) , as the theoretical predictions for the light element abundances, and their experimental measurements (1.3), (1.4), (1.5), (1.6) it is possible to test the compatibility of standard BBN scenario in the N ν -η 10 plane. To this end, we define a total likelihood function as 6) where the likelihood function for each abundance, assuming Gaussian distribution for the errors, is given by the overlap
In order to evaluate L i (N ν , η 10 ) we need the theoretical uncertainties σ th i (N ν , η 10 ). In Ref. [22] a new, alternative approach to the standard Monte Carlo technique [21] has been proposed. This method is based on linear error propagation for the estimate of theoretical uncertainties on primordial abundances due to the poor knowledge of nuclear reaction rates. The light element abundances, Y i , and the logarithmic derivatives of Y i with respect to the nuclear rates, λ ik , are given as polynomial fits, while the variation of the abundances for a change δR k in the rate R k is obtained as
Taking into account the error correlation, the error matrix results 9) where ∆R k are the 1σ uncertainties. In particular the theoretical 1σ uncertainties are given by the square root of the diagonal elements,
We used the Fortran code provided by the authors [26] to calculate the theoretical uncertainties σ th i (N ν , η 10 ), which we used in Eq. (3.7). The total likelihood function (3.6) and the corresponding contour plots for 50%, 68% and 95% CL, for low and high D are shown in Figures 9, 10 and 11, 12, respectively. As already clear from Figure 1 , the two different experimental estimates of D single out different regions for η 10 . From the 95% CL contour of Figure 10 , for low D we have 4.0 ≤ η 10 ≤ 5.7, which is in fair agreement with the similar results of Ref. [4] , whereas for high D from Figure 12 we get 1.4 ≤ η 10 ≤ 3.7.
As far as N ν is concerned, for low D and for 95% CL one has 1.7 ≤ N ν ≤ 3.3, whereas for high D one gets 2.3 ≤ N ν ≤ 4.4. In both cases we obtain comparable ranges for N ν with respect to Ref. [4] . The total likelihood function is peaked around the points shown as the crosses in Figures 10 and 12 , which correspond to N ν = 2.44 and η 10 = 4.69 for low D, and to N ν = 3.29 and η 10 = 1.81 for high D. The position of the two maxima is easily understood. The Deuterium abundance is a decreasing function of η 10 . Since lowering η 10 results in a smaller 4 He mass fraction Y p , it is necessary to compensate this effect by increasing the universe expansion rate via a larger N ν . This in fact leads to a larger value for the freeze-out temperature for nucleon weak interactions and thus gives a larger amount of the initial neutron to proton density ratio. The single contributions 
BBN predictions for degenerate neutrinos
The assumption of vanishing neutrino chemical potentials can be only justified by the sake of simplicity or by the theoretical prejudice that their order of magnitude should be set by the ones of the corresponding charged leptonic partner. However, physical scenarios in which large lepton asymmetries are produced, which do not lead to a large baryon asymmetry, have been proposed in literature [27, 28, 29, 30] . They are based on the Affleck-Dine mechanism [27] or on active-sterile neutrino oscillations [31, 32] . In particular, the expected asymmetry may be different for each neutrino family. For these reasons, at least in principle, it is worth-while considering the primordial nucleosynthesis in presence of large neutrino asymmetries, i.e. for non-vanishing neutrino chemical po-tentials. It seems to us that this topic, which has been extensively studied in past [23] , receives a renewed interest in view of the recent BOOMERANG and MAXIMA-1 results [24] on the acoustic peaks of the CMBR, which suggests a larger value of the baryonic matter contribution to the total energy density Ω. In their analysis of the data they find a baryon density Ω b h 2 ∼ 0.02 ÷ 0.03, or η ∼ (6 ÷ 10)10 −10 , which, as is clear from the considerations of the previous section, is incompatible at 95% CL with the standard BBN result (see Figures 10 and 12 ). Actually even larger values for Ω b h 2 are obtained if no constraints are imposed in the likelihood analysis (see [24] ). It is the aim of this section to discuss whether a finite neutrino chemical potential may reconcile BBN theoretical predictions, the observed nuclide abundances and a higher value for η. In particular we report the results of a new analysis of the degenerate BBN scenario we have performed with our code.
The effect of neutrino chemical potentials on BBN predictions is twofold. Due to the definition of N ν (3.1), non-vanishing ξ α = µ να /T ν , with α denoting the neutrino specie, change its value from the non-degenerate case (ξ α = 0). In fact for three massless neutrinos with degeneracy parameter ξ α , N ν becomes
implying a larger expansion rate of the universe with respect to the non-degenerate scenario. In this case, nucleons freeze out at a larger temperature, with a higher value for the neutron to proton density ratio, which implies a larger value of Y p . This effect does not depend on the particular neutrino chemical potentials but rather on the whole neutrinoantineutrino asymmetry, via the sum in the r.h.s. of (4.11) . In addition, we also note that the neutrino decoupling temperature and the ratio T ν /T , entering in the BBN equations, are affected by a change of N ν as well. However, it has been checked [33] that this effect is quite negligible on the predictions for the element abundances.
Electron neutrinos entering in the n ↔ p processes, can modify the corresponding rates if their distribution has a non-vanishing ξ e . In particular, a positive value for ξ e means a larger number of ν e with respect toν e and thus enhances n → p processes with respect to the inverse processes. This, of course, reduces the number of neutrons available at the onset of BBN. Moreover, since the initial condition for BBN at T ∼ 10 MeV is fixed by the nuclear thermal equilibrium, which is also kept by reactions like ν e + n → p + e − , the chemical equilibrium fixes (µ p − µ n )/T ≈ ξ e . This implies an initial n/p ratio which is lowered by the factor exp(−ξ e ), which again reduces the number of neutrons available at the onset of BBN.
These effects strongly influence the nuclide production, so with no ν µ and ν τ degeneracy, the value of ξ e is strongly constrained. In this case, the authors of [23] found the limits −0.06 ≤ ξ e ≤ 0.14. For a fully degenerate BBN, at least for Y p , the effect of a positive ξ e can be compensated by the contribution to N ν coming from ξ µ,τ . In [23] the neutrino degeneracy parameters result to be in the ranges −0.06 ≤ ξ e ≤ 1.1 and |ξ µ,τ | ≤ 6.9 for ξ µ = 0, ξ τ = 0 or viceversa, and |ξ µ,τ | ≤ 5.6 for ξ µ = ξ τ = 0.
We do consider in our analysis as input parameters ξ e , N ν and η 10 . Likelihood analysis of compatibility between theoretical predictions and experimental data yields contour levels which are surfaces in the three-dimensional space of these parameters. Because of the partial cancellation of the effects due to ξ e and ξ µ,τ we have discussed, if we define, in analogy to the non-degenerate case, a total likelihood function, L(ξ e , N ν , η 10 ), it is reasonable to expect that it may sensibly differ from zero in a quite wide parameter region, so some bound should be chosen to the possible range of variation for the parameters.
We have chosen to constrain N ν to be smaller than 13. This bound has been obtained, at 2σ level, in [34] , by a likelihood analysis of the BOOMERANG data, as function of N ν , maximizing for each N ν the likelihood function over all other parameters, including η. As we will see our conclusion on the degenerate BBN scenario versus BOOMERANG and MAXIMA-1 data is completely different than what has been argued in [34] . Nevertheless we think that the upper bound on N ν is quite robust. We also consider ξ e and η 10 in the wide range −1 ÷ 1 and 1 ÷ 30, respectively.
By using the results of our BBN code for the degenerate neutrino case and performing a study similar to the one presented for the standard scenario, we obtained likelihood functions for both low and high D experimental values. We first report the maxima for these functions in the low D case 12) and in the high D scenario ξ e = 0.35 , N ν = 13 , η 10 = 4.20 , (4.13) We notice that in the low Deuterium case the solution prefers an almost non degenerate scenario, with values for η compatible with the one obtained in the previous section and a slightly larger result for N ν .
More interesting is to follows the allowed ranges for ξ e and N ν as functions of η. In Figures 17 and 18 we show L(ξ e , N ν , η 10 ), evaluated for η 10 taking the values in (4.12) and (4.13) . Increasing η 10 in the considered range, the likelihood functions move towards higher values of ξ e and N ν , along, approximatively, a linear path. This is due to the fact that increasing ξ e , which results in a lower value for the n/p ratio, and then for Y p , must be compensated by a faster expansion produced by a higher value for N ν . This behaviour is highlighted in the 95% exclusion plots for the ξ e and N ν parameters for different values of η 10 , which are reported in Figures 19 and 20 with the bound N ν ≤ 13. These two plots summarize our analysis of the degenerate BBN scenario, providing the combined bounds on ξ e and N ν . For low D the allowed range for η 10 is 3.3 ÷ 9.9, while for high D we have 1.1 ÷ 5.8. In both cases the degenerate BBN scenario, at 2σ level is compatible with observational results on nuclide abundances even for quite large values for both N ν and ξ e . As expected, however, these two parameters are strongly correlated.
From our analysis we see that a large value for η ∼ 10 −9 is compatible, at 2σ level, with degenerate BBN for quite large N ν only, N ν ≥ 10, and large positive ξ e ≥ 0.3. The BOOMERANG and MAXIMA-1 results seem to indicate a value for η ∼ 10 −9 , but at the same time suggest N ν ≤ 13, again at 2σ level [34] . We may conclude that the degenerate BBN scenario and BOOMERANG and MAXIMA-1 results are compatible only in the very top area in the exclusion plot of Figure ( 19) for the low D scenario. In the high D case, the upper limit on N ν is already reached for η ∼ 6.5·10 −10 . As a conclusion we can say that, if the result η ∼ 10 −9 will be confirmed, the degenerate BBN scenario is not consistent with CMBR results at 2σ level, while there is agreement for the low D case.
For slightly lower values for η ∼ (0.5 ÷ 0.6)10 −10 , which corresponds to the central value measured by MAXIMA-1 experiment, the agreement at 2σ level definitely improves, and it would represent a signal in favour of a large neutrino-antineutrino asymmetry in the universe, 0.2 ≤ ξ e ≤ 0.5 and N ν ≥ 10 [35] . We note that a similar result has been obtained in [36] .
Conclusions
In this Both ranges on N ν are comparable with the results of Ref. [4] . For the baryon asymmetry η, the result for low D fairly coincides with [4] , whereas the distortion of the contour for 95% CL in case of high D makes our upper limit on η 10 larger than the value of [4] .
This effect is mainly due to the non-trivial dependence on the parameters N ν − η 10 of the nuclear theoretical uncertainties.
We have also analyzed the degenerate BBN scenario, motivated by the BOOMERANG and MAXIMA-1 results [24] on the CMBR spectrum. For both high and low Deuterium measurements we have obtained a 2σ exclusion plots for the ξ e and N ν parameters, and we have shown that the theoretical estimates are in good agreement with the experimental measurements of light nuclei abundances even for large values of these parameters, provided they lie in the regions shown in Fig.s (19) and (20) . In particular large values for η implies high values for the neutrino degeneracy parameters.
A first analysis of the recent CMBR data, [24] , suggests quite large values for η ∼ 10 −9 .
From our results we see that this baryon to photon density is actually too high to be in good agreement with degenerate BBN, the compatibility being only at 2σ level, with the low Deuterium scenario. This conclusion holds if we constraint the effective number of neutrinos to be bounded by N ν ≤ 13, which, as pointed out in [34] 
A Series expansion for integral quantities
The partial derivatives of L with respect to z and φ e , L z and L φe , can be expressed as the following series 2) where the K i are the modified Bessel functions of the second kind and in z R (z) = m R e /T we consider the renormalized electron mass,
The series expansion for the remaining electron quantities arê [5, 6] . The solid lines bound the theoretical predictions at 1σ th . The dashed line, on this scale indistinguishable from the central solid line, is the result from [22] . No result is given for D in [12] . The same notation has been applied in the following Figures. (3.2) , for N ν = 3, versus η 10 . The dashed line is the result from [22] . No result is given for 3 He in [12] . The lithium-7 abundance Y7 Li (3.2) , for N ν = 3, versus η 10 . The dashed line, on this scale indistinguishable from the central solid line, is the result from [22] . No result is given for 7 Li in [12] . 
